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The action for which this Basis and Purpose Docunent was
written, amends the General Control Device Requirenents (40
CFR part 60.18) which were issued as a final rule on January
21, 1986, and the Control Device Requirenents (40 CFR part
63.11) which were issued as a final rule on March 16, 1994.
The acconpanyi ng acti on adds specifications for hydrogen-
fueled flares to the existing flare specifications for
organi c containing vent streans.
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M . Robert Rosenst eel

Organic Chem cals G oup

U.S. Environnental Protection Agency
Research Triangle Park, NC 27711
Tel ephone: (919) 541-5608

Paper copies of this docunent nay be obtained from

U.S. Environnental Protection Agency Library (MDD 36)
Research Triangle Park, NC 27711
Tel ephone: (919) 541-2777

Nat i onal Technical Infornmation Service (NTIS)
5285 Port Royal Road

Springfield, VA 22161

Tel ephone: (703) 487-4650



El ectronic copies of this docunent may be obtained fromthe
EPA Technol ogy Transfer Network (TTN). The TTN is an

el ectronic bulletin board system which provides information
and technol ogy exchange in various areas of em ssions
control. The TTN can be accessed through the TTN web site:
wwmwv. epa. gov/ttn/oarpg/rules.htm . For further information,
contact the TTN HELP line at (919) 541-5384, from 1:00 p. m
to 5:00 p.m, Monday through Friday.



6.

7.

0

0

TABLE OF CONTENTS

| NTRODUCTI ON .

BACKGROUND .

2.1
2.2

2.3

Exi sting Flare Requirenents . : : .
Hydr ocarbon Flare Studies Used to Establish the
Specifications for 40 CFR 60.18 and 40 CFR 63. 11
DuPont’ s Hydrogen Flare Status

SUMVARY OF DUPONT PROGRAM

3.1
3.2

Background on Hydrogen- Fuel ed Fl are Studies
Testing Program.

SUMVARY OF THE RECOMMENDED SPECI FI CATI ONS

RATI ONALE FOR THE RECOVMENDED SPECI FI CATI ONS .

5.1

5.2

5.3

The Need for Specifications for

Hydr ogen- Fuel ed Fl ares C e e e
The Use of DuPont Test Results as the Basis for
Hydr ogen- Fuel ed Fl are Specifications

Sel ection of the Specifications for

Hydr ogen- Fuel ed Fl ares

SUMVARY OF ENVI RONMENTAL, ENERGY, AND COST | MPACTS .

6.1
6.2
6.3
6.4
6.5

Primary Air |npacts .

O her Environnental |npacts .
Energy | npacts

Cost and Econom c | npacts .
Summary of | npacts

SUMVARY

15

16

16

18

23

25

25

26

26

26

27

27



Figure 1.

Figure 2.

TABLE 1.

TABLE 2.

LI ST OF FI GURES

Hydr ogen Vol unme Fractions at Lift-Of and
BlowQut & A 2.9 inch plain pipe flare . . . . . . 13

Rel ati onshi p of Ethylene Destruction Efficiencies

to the Ratio of Actual Hydrogen Content
to the Hydrogen Content at Lift-Of . . . . . . . . 14

LI ST OF TABLES

GENERAL CONTRCL DEVI CE REQUI REMENTS FOR FLARES
CONTAINED I N 40 CFR 60.18. AND 40 CFR 63.11 . . . . . 3

DEPENDENCE ON TI P VELOCI TY OF THE RATI O OF THE PROPOSED

CRI TI CAL HYDROGEN VCOLUME FRACTI ON TO THE HYDROGEN
VOLUME FRACTI ON AT BLOWQUT WTH PILOT . . . . . . 15

vi



1.0 | NTRODUCTI ON

The General Control Device Requirenents of 40 CFR 60. 18 were
issued as a final rule on January 21, 1986 and are applicable to
control devices conplying wth New Source Performance Standards
(NSPS) pronul gated by the Agency under Section 111 of the C ean
Air Act (CAA), and National Em ssion Standards for Hazardous Air
Pol | utants (NESHAP) issued under the authority of Section 112
prior to the CAA Anendnents of 1990. The Control Device
Requi rements of 40 CFR 63. 11 were issued as a final rule on
March 16, 1994 and are applicable to control devices used to
conply with NESHAP i ssued under the authority of the CAA
Amendnents of 1990, for the control of hazardous air pollutants
(HAP). Both of these existing control device requirenents
contain specifications defining required operating conditions of
control devices. Specifically, 40 CFR 60.18(b) through (d), and
40 CFR 63. 11(b) contain the operating conditions for flares
(1.e., existing flare specifications). Flares operating in
accordance wth these specifications destroy volatile organic
conmpounds (VOC) or vol atile hazardous air pollutants (HAP) with a
destruction efficiency of 98 percent or greater. These existing
flare specifications were witten for flares conbusting organic
em ssion streans.

E. 1. DuPont de Nenours and Conpany (DuPont) representatives
requested that the EPA either add specific limts for hydrogen-
fueled flares to the existing flare specifications or approve
their hydrogen-fueled flares as alternate neans of em ssion
limtation under 40 CFR 60.484, 40 CFR 61.12(d) and 40 CFR
63.6(g). DuPont subsequently sponsored a testing programto
denonstrate that hydrogen-fueled flares in use at DuPont destroy
em ssions with 98 percent or greater efficiency. The test
program denonstrated that these hydrogen-fueled flares achi eved
greater than 98 percent destruction efficiency. Further, the EPA
j udged the conditions of the test programto be universally
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applicable, with certain [imtations. This docunent provides the
background and rationale for the action to add specifications for
hydrogen-fueled flares to the existing flare specifications.

This docunent is organized as follows. After this
i ntroduction, Section 2.0 provides background of the existing
flare specifications and the studies used to establish them
along with a description of DuPont's hydrogen-fueled flare
status. Section 3.0 summaries the DuPont programthat was
designed to denonstrate that their hydrogen-fueled flares were
equivalent to flares neeting the existing flare specifications.
Section 4.0 provides a sunmary of the hydrogen-fueled flare
specifications that are being added to the existing flare
specifications, and Section 5.0 contains the rationale for these
recomended hydrogen-fueled flare specifications. Section 6.0
provides a summary of the anticipated inpacts, and Section 7.0
summari zes this docunment. In this docunent, references are noted
by their docket item nunber in Docket A-97-48. Appendix Ato
this docunent is the index for the relevant portions of Docket A-
97-48.

2.0 BACKGROUND

2.1 Existing Flare Requirenents

Flares are comonly used in industry to safely conmbust VOC
and volatile HAP. Flares can accommodate fluctuations in VOC or
vol atil e HAP concentrations, flow rate, heating value, and inerts
content. Further, flares are appropriate for continuous and
intermttent flow applications. Some organic em ssion streans
can be flared without the need for supplenental fuel. However,

t he use of supplenental organic fuel such as natural gas to
ensure the conpl ete conbustion of em ssions i s conmon.

The existing flare specifications contained in 40 CFR 60. 18
and 40 CFR 63.11 are based upon experience with waste streans
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cont ai ni ng organi ¢ substances. These existing flare provisions
require that the waste gas being flared have a m ni nrum heat
content, which is specific to the flare head design, and a
maxi mum waste gas flow rate. The rules nandate that flares be
designed for, and operated with, no visible em ssions, except for
periods not to exceed a total of five mnutes during any two
consecutive hours. |In addition, the existing flare
specifications require that the flare nust be operated with a
flame present at all times. The presence of a flare pilot flane
is to be nonitored to ensure that a flanme is present at al

times. The m ninmum net heating value of the gas being conbusted
and the maxinumexit velocity of steam assisted, air assisted,
and nonassisted flares, as specified in 40 CFR 60.18 and 40 CFR
63.11, are provided in Table 1

TABLE 1. GENERAL CONTROL DEVI CE REQUI REMENTS FOR FLARES
CONTAI NED I N 40 CFR 60.18. AND 40 CFR 63. 11

Net Heating Val ue of
Fl are Type Conmbusted Gas, H; Al l onabl e Vel ocity, V
(megaj oul es per standard (meters per second)
cubic neter)

Air- Assi st ed 11.2 < H; V < Vil

St eam Assi st ed 11.2 < H; V < 18.3
Nonassi st ed 7.45 < H; V < 18.3

St eam Assi sted or 37.3 < H 18.3 < V < 122
Nonassi st ed

Alternative for Steam 11.2 < Hr < 37.3 V < Vg’ and,
Assi sted or V < 122

Nonassi st ed

2V = 8. 706+0. 7084( Hy)
PL0g1o( Vim) = (Hr + 28.8)/31.7

As shown in Table 1, air-assisted flares nust operate with
an exit velocity less than the cal cul ated nmaxi num al | owabl e
velocity, Vg, Wwhich is calculated froman equation. Also, an
equation is provided to calculate the maximumexit velocity for
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nonassi sted and steamassisted flares, as an alternative to the
al l owabl e velocities listed in the table. Wth steam assisted
and nonassisted flares, there are two options: (1) calcul ate the
maxi mum al | owabl e velocity fromthe equation, and verify that the
exit velocity is below the cal cul ated maxi nrum al | owabl e vel ocity,
or (2) verify that the exit velocity is below the given Vg,
values for the heat content of the stream Table 1 lists the
al l owabl e velocities for the possible heat contents.

The net heating value of the gas being conbusted in a flare,
whi ch the owner/operator is required to calculate for all flare
types, is calculated using Equation 1

Equation 1:

wher e:

H, = Net heating value of the sanple, Mega Joul es per standard
cubic nmeter (MJ/scnm); where the net enthal py per nole of
of f-gas i s based on conbustion at 25°C and 760 mm Hg, but
the standard tenperature for determ ning the vol une
corresponding to one nole is 20°C

K - Constant - 1.740X10 7| —= g-mole}l M
ppnmv scm kca

wher e: ppmv = parts per mllion by volune, and
kcal = kilo calories

C = Concentration of sanple conponent i in ppnv on a wet basis,
as neasured for organics by Method 18, 40 CFR part 60,
appendi x A, and neasured for hydrogen and carbon nonoxi de by
Anmerican Society for Testing and Materials (ASTM Mt hod
D1946- 77 (i ncorporated by reference as specified in 40 CFR
63. 14 and 40 CFR 60.17).

H = Net heat of conbustion of sanple conponent i, kcal/g-nole at

25°C and 760 mm Hyg. The heats of conbustion may be



determ ned usi ng ASTM Met hod D2382-76 (i ncorporated by
reference as specified in 40 CFR 63.14 and 40 CFR 60.17) if
publ i shed val ues are not avail able or cannot be cal cul at ed.

n = Nunber of sanple conponents

2.2 Oganically-Fueled Flare Studies Used to Establish the
Exi sting Specifications for 40 CFR 60.18 and 40 CFR 63. 11

The EPA determ ned the destruction efficiency of flares
conbusting volatile organic emssions in the early 1980's and
devel oped the existing flare specifications as a result of this
work. The testing was conducted with a nom nal 8-inch dianeter
flare head furni shed by a vendor (Docket No. A-97-48, Item No. |-
I1-12) and pilot-scale flares (Docket No. A-97-48, Item No. |-11-
5).

In general, the experinents di scussed showed that propane-
in-nitrogen m xtures generate stable flanes when the heat content
of the mxture is above 200 Btu/scf. These experinents al so
showed that the conmbustion and destruction efficiencies of flares
Wi th waste streanms containing organi ¢ substances are high (at
| east 98 percent) as long as the flame produced by the flare head
at the given operating conditions was stable, based upon gas heat
content and velocity.

2.3 DuPont’s Hydrogen-Fuel ed Flare Status

DuPont owns and operates six flares which are used to
conbust waste gases containing hydrogen (from 13 to 22 vol une
percent), inert gases (nitrogen, argon, carbon dioxide, and
stean), oxygen (in sonme streans), and various conbinations of the
hazardous air pollutants (HAP) in the 115 ppmto 5 percent nole
fraction (by volune) concentration range.

These six DuPont flares are nonassisted (pipe) flares, and
each flare is simlar in respect to the anount of hydrogen in the



gas stream The hydrogen and ot her flamabl e gas concentrati ons
are such that gas heating values are in the range of 59 to

120 Btu/scf. Typical exit velocities for DuPont’s hydrogen-
fueled flares are on the order of 100 ft/s. Al six of DuPont’s
hydrogen-fuel ed flares are equi pped with continuous pilots to
ensure flanme stability.

As stated in the previous section, the existing flare
specifications are based upon existing data which show t hat
conbustion efficiencies greater than 98 percent are achi eved when
specific heat content and velocity requirenents are net. These
data al so show that conbustion efficiency is related to flane
stability. A flame is considered stable when the heating val ue
is high enough to sustain a flame that is void of separations
between the flare tip and any part of the flane.

Because the concentrations of the conbustible gases are |ow,
and because the heating value of hydrogen per unit of volune is
| ow, the DuPont waste streans have | ow volunetric heat contents
conpared with streans containing volatile organics. Therefore,
DuPont’s flares do not neet the existing flare specifications of
40 CFR 60. 18 and 40 CFR 63.11. As discussed earlier, these
st andards, developed primarily for flares with waste streans
cont ai ni ng organi ¢ substances, set mninmum heat content limts
and maxi mum vel ocity specifications at which the flare can
operate. To bring DuPont’s hydrogen-fueled flares into
conpliance with the existing flare specifications would require
t he heat content of the waste stream be augnented with natural
gas. DuPont estimates that the cost of the natural gas woul d be
approximately $2.8 mllion per year in order for their six
hydrogen-fuel ed flares to neet the existing flare specifications.

In March of 1997, DuPont requested that the EPA either add
specific limts for hydrogen-fueled flares to the existing flare
specifications or approve their hydrogen-fueled flares as
alternate neans of emssion limtation (Docket No. A-97-48, Item
No. I1-D-2). DuPont subsequently sponsored a testing programto
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denonstrate that hydrogen-fueled flares in use at DuPont destroy
em ssions with greater than 98 percent efficiency. Followng is
a sunmary of DuPont's program

3.0 SUMVARY OF DUPONT PROGRAM

To support petitions to the EPA for approval of hydrogen-
fueled flares as equivalent in performance to the requirenents of
40 CFR 60. 18 and 40 CFR 63.11, DuPont initiated a two-phase
program The first phase was to gather background information on
hydrogen-fuel ed flare studies, and the second phase was the
testing program

3.1 Background on Hydrogen-Fuel ed Fl are Studies

The objective of the first phase of DuPont's study was to
assenbl e available information on the flaring of hydrogen and
hydr ocar bon gas m xtures to support DuPont's equival ency cl aim
for hydrogen-fueled flares. The conclusions of DuPont’s Phase |
study (Docket A-97-48, Itemll-1-2) were reported as foll ows.

. A | arge body of data exists on the conbustion
efficiency of flares incinerating volatile organic
waste gas m xtures. These data show that the
conbustion efficiency is related to flanme stability.

. Federal regul ati ons are based upon existing data on the
flaring of waste streans containing volatile organic
subst ances, which denonstrate that conbustion
efficiencies greater than 98 percent are achi eved when
specific heat content and velocity requirenents are
net .

. Avai |l abl e information on flaring of hydrogen-based
waste gas m xtures indicates that hydrogen gas m xtures
can be burned over a significantly w der range of
vel ocities and heat content conditions than organic gas
m Xt ures.



. The results of small scale flare and diffusion flane
experinments can be used to develop stability limts for
flaring of hydrogen-inert gas m xtures. However, there
is a wide range of uncertainty in the stability limts
of | ean hydrogen-inert m xtures.

. DuPont's hydrogen-fuel ed flares appear to be operating
at or within the stability limts established from
smal | scal e studies. However, unless it can be shown
that DuPont's flares exceed the stability limts for
| ean hydrogen-inert gas m xtures, it is not believed
that this information is sufficient to successfully
petition the U S. EPA for an exenption.

. This study was not able to |locate any information
relating the stability of hydrogen flanes to their
organi c destruction efficiency. This is expected to be
significant since a central argunent in establishing
t he equi val ency of hydrogen flares is that high
conmbustion efficiency is concomtant wth flane
stability.

Further, the study concluded that it was not expected that

t he previous hydrogen flare studies could be used to petition for
a variance for DuPont's flares. Therefore, the study recommended

that the second phase of the program be inpl enented.

3.2 Testing Program

The second phase of DuPont's program was conposed of a
series of tests intended to denonstrate that the hydrogen-fuel ed
flares at their facilities were achieving a volatile HAP and VOC
destruction efficiency equal to or greater than that of flares
meeting the existing flare specifications.

Testing Plan

The test programwas designed to experinmentally establish
the stability limts and destruction efficiency of DuPont’s
fl ares under the range of chem cal conpositions and operating
conditions at the three DuPont facilities with the six hydrogen-



fueled flares. The testing plan was made up of stability and
destruction efficiency tests using a nom nal 3-inch dianeter
flare under conditions otherw se representative of the DuPont
flares. The nomnal 3-inch dianmeter flare was chosen to provide
alink wwth the previous flare conbustion efforts (Docket A-97-
48, ltem Nos. I1-1-3, 4, and 5), because that was the size of
flare used for those studies as well. The specific goals of the
test plan were (1) to quantify the stability envel ope (m nimum
gas hydrogen content versus exit velocity for flame stability)
for hydrogen/waste gas m xtures having hydrogen concentrations
and velocities in the range of DuPont’s flares, and (2) to
determ ne the destruction efficiencies of a surrogate organic
conpound added to the flare gas, at selected conbi nations of gas
conposition and velocity that are known to produce stable fl anes.
Test Results

As noted above, the tests were designed to determ ne the
flame stability envel ope and the destruction efficiency that a
stable flane at a set velocity is able to achieve. The
experinments were done by establishing a stable flanme at the
desired velocity, then slowy decreasing the hydrogen flowate
and recording the velocity and hydrogen content at flanme lift off
and again at blow out. Lift off was defined as the tinme when a
portion of the flane was permanently separated fromthe flare
tip. Blow out was defined as conplete absence of the flane.

The measurenents of the hydrogen vol unme percent at lift off
and bl ow out for the piloted and unpiloted nom nal 3-inch
(2.9 inch inner dianmeter) pipe flare are shown in Figure 1 as a
function of velocity. Because the hydrogen content at lift off
was essentially the sane for flares wwth and without a pil ot
burner, a single line was fit to the data sets of lift off
measurenents for piloted and unpiloted flares; this is
represented by the upper curve in Figure 1 and by Equation 2.
The data point in the far upper right corner of the figure is an
unexpl ained outlier that is inconsistent with all other data
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poi nts and was excluded fromthe |inear regression analysis of
the lift off data set. The mddle and |lower curves in Figure 1
are the bl owout curves wthout and with a pilot, respectively.

Equati on 2:

X it orr(% = 0.078u(ft/s)+ 6.0

16.3 < u < 122 ft/s, wth and wthout a pil ot

wher e:
Xip, 1ift off = The hydrogen content at |ift off of piloted and
unpi |l oted fl ames, percent.
u = The tip velocity, ft/s.

Destruction efficiencies were determ ned at eight different
conbi nations of tip velocity, hydrogen content, ethylene content
(ethyl ene was the surrogate for which the destruction efficiency
was determ ned), the presence or absence of a pilot, and high and
low wind conditions. 1In all cases, the destruction efficiencies
were greater than 98 percent, at a |l evel of 95 percent
confidence. Further, control efficiencies greater than
98 percent were found at hydrogen contents below the lift-off
curve.

The data used in the devel opnent of the existing flare
speci fications showed that 98 percent destruction efficiency was
achi evabl e by maintaining the heating value of the flare gas a
critical value above the m ni mum heating value required for flame
stability. The critical value was found to lie in the range from
approximately 1.1 to 1.3 tinmes the m ni num heati ng val ue for
flame stability.

A simlar analysis was conducted for DuPont's current study
of hydrogen-fueled flares. The reference condition for stability
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t hat was used was the hydrogen content of the flare at lift off.
The measured nean et hyl ene destruction efficiencies and
destruction efficiencies at the 95 percent confidence |evel are
shown as a function of the ratio of the actual hydrogen content
of the flare gas to the hydrogen content at lift off at the sanme
tip velocity in Figure 2. As observed in Figure 2, all of the
destruction efficiency at conditions nore stable than lift off
(stability ratio greater than 1) are above 99 percent. The
DuPont report concluded that extrapolation of the data to the
left of Figure 2 (i.e., for hydrogen content ratios |less than
1.0) suggests that the destruction efficiency would be assured
for values of the stability ratio greater than about 0.95 to
0.97. The report recommended that a conservative criterion for
assuring 98 percent destruction in hydrogen flares is that the
stability ratio, or ratio of the hydrogen content to that at |ift
off at the sanme tip velocity, be equal or greater than 1.0.

The choi ce of the hydrogen content at lift off as the
critical condition places the ratio of the critical to the
m ni mum val ue at blow out with pilot at the values shown in
Table 2, as a function of tip velocity. As shown in Table 2, the
excess hydrogen content for mnimumflame stability is seen to
increase froma low of 15 to 17 percent at the higher velocities
tested, to around 30 percent at the |lower velocities tested.
These data relate the ratio of hydrogen content to the tip
velocity and indirectly relate the tip velocity to the
destruction efficiency in the follow ng manner. As discussed
previously, the hydrogen ratio is also directly proportional to
the destruction efficiency (that is, as the ratio of hydrogen in
the stream versus hydrogen at |ift off increases, the destruction
efficiency of the flanme increases). Therefore, it can be
concluded that the tip velocity and destruction efficiency are
i nversely proportional.

Foll owi ng are the general conclusions and reconmendati ons
fromthe testing program
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The results of the study generally agreed with the results
of earlier studies on the stability and perfornmance of
hydr ogen-fuel ed fl ares.

The heat input to the flare through the pilot was found to
have a significant effect on blow out at high values of the
ratio of pilot to flare heat input.

The hydrogen content at lift off was not strongly influenced
by pilot type or heat input.

The hydrogen content at |lift off was the sanme for piloted
and unpiloted flares.

Bl ow out occurred at hydrogen contents approximately 1 nole
percent less than |ift off in the absence of a pilot, and
3 nole percent lower in the presence of a pilot.

The destruction efficiency was greater than 98 percent, at a
95 percent confidence |evel, under all conditions
i nvesti gat ed.

Destruction efficiency increased slightly on increasing the
et hyl ene content of the flare gas, indicating that the
addition of organics at percent |evels does not contribute
to the deterioration of hydrogen-fueled flare perfornmance.

Destruction efficiencies greater than 98 percent were

achi eved at hydrogen contents as low as 0.955 tinmes the
hydrogen content at l[ift off. Destruction efficiencies
greater than 99 percent (95 percent confidence |evel) were
achieved at a ratio of hydrogen content to hydrogen content
at lift off greater than 1.0.

The conbi nation of velocity and hydrogen volunme fraction at
lift off were recommended as the conservative criteria for
greater than 98 percent destruction efficiency.

Not all of DuPont's hydrogen-fueled flares neet the

conservative conditions recommended, at the tinme of this
testing.
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TABLE 2. DEPENDENCE ON TI P VELOCI TY OF THE RATI O OF THE PROPOSED
CRI Tl CAL HYDROGEN VCOLUME FRACTI ON TO THE HYDROGEN VOLUME FRACTI ON
AT BLON OQUT WTH PI LOT

Tip Velocity Ratio of H, Content at Lift Of to
(ft/s) the H, Content at Blow Qut with Pil ot
17 1.31
20 1.30
40 1.25
60 1.21
80 1.19
100 1.17
120 1.15

4.0 SUMVARY OF THE RECOWMENDED SPECI FI CATI ONS

The reconmmended hydrogen-fueled flare specifications add
requi renents for nonassisted flares that conbust 8.0 percent (by
vol unme) or greater of hydrogen in the stream and have a 3-inch or
greater dianeter. The recommended hydrogen-fueled flare
specifications present an equation that cal cul ates the naxi mum
allowable flare tip velocity for a given vol une percent of
hydrogen. This equation format is simlar to the one used for
air-assisted flares in the existing flare specifications. The
specific equation for the maximumtip velocity for hydrogen-
fueled flares is:

Vix = (X - K)* K,
Wher e:
Viex = Maxi mum permtted vel ocity, m sec.

K, = Constant, 6.0 vol une-percent hydrogen.

K, = Constant, 3.9(nifsec)/vol une-percent hydrogen.
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X,y = The vol une-percent of hydrogen, on a wet basis, as
cal cul ated by using the Anerican Society for Testing
and Materials (ASTM Mt hod D1946-77

5.0 RATIONALE FOR THE RECOMVENDED SPECI FI CATI ONS

5.1 The Need for Specifications for Hydrogen-Fuel ed Fl ares

As di scussed bel ow, hydrogen has a | ower heat content than
organi cs commonly conbusted in flares neeting the existing flare
specifications and cannot, therefore, be used to satisfy existing
control requirenments. However, since the conbustion of hydrogen
is different than the conbustion of organics, and the test report
denonstrates a destruction efficiency greater than 98 percent,
t he EPA believes that hydrogen-fueled flares neeting the
recommended specifications will achieve a control efficiency of
98 percent or greater. This level of control is equivalent to
the |l evel of control achieved by flares neeting the existing
specifications. |In addition to achieving the sanme destruction
efficiency of VOC or organic HAP, these recommended
speci fications have the added advantage of reducing the formation
of secondary pollutants; since the conbustion of suppl enmental
fuel would not be required by hydrogen-fueled flares to neet the
existing flare specifications.
The Heat Content of Hydrogen

The heat content of a substance is a neasure of the anount

of energy stored within the bonds between atons in each nol ecul e
of the substance. Hydrogen is a sinple nolecule consisting of
two hydrogen atons hel d together by weak, hydrogen bonds, thus
resulting in a low heat content. In conparison, organic

chem cals are larger chains (or rings) of carbons w th hydrogens
and other atons attached to them These nol ecules are held
together with a conbination of ionic, covalent and hydrogen
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bonds, which contain substantially nore energy (i.e., higher heat
content) than the hydrogen bond in the hydrogen nol ecul e.
The Difference in Conbustion Between Hydrogen and Organics

The first phenonenon to explain the difference in conbustion
bet ween hydrogen and organics is related to the thernodynam cs of
t he conbustion reaction. |In order for the hydrogen atomto react
in the conmbustion/oxidation reaction, the weak hydrogen bond
bet ween the two hydrogen atons nust first be broken. Because
there is |l ess energy holding the hydrogen atons together, |ess
energy (heat) is required to separate them Once the hydrogen
bonds are broken, the hydrogen atons are free to react in the
conmbustion reaction

The second phenonenon explaining the difference in
conbusti on between hydrogen and organics is due to hydrogen's
upper and lower flamuability limts. The flammability [imts are
the m ni mum (I ower) and maxi mum (upper) percentages of the fuel
in a fuel-air mxture that can propagate a self-sustaining flane.
The | ower and upper flammbility limts of hydrogen are 4.0 and
74.2 percent, respectively, which represents the second w dest
range of |ower and upper limts of substances typically conbusted
in flares (Docket No. A-97-48, ItemNo. I1-1-2).

The third phenonenon explaining the difference in conbustion
bet ween hydrogen and organics is the relative difference in
diffusivity between hydrogen and organics in air. D ffusivity
refers to how easily nol ecul es of one substance mx with
nol ecul es of another. Further, the quicker the fuel and air in a
flare m x, the quicker the conbustion reaction occurs. The
measure of how quickly a substance m xes with anot her substances
is expressed in terns of the diffusivity coefficient. The |arger
the diffusivity coefficient, the quicker the mxing. The
diffusivity coefficient for the m xture of hydrogen and air is an
order of magnitude higher than those for the m xture of air and
volatile HAP with readily available diffusivity coefficients.
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Therefore, hydrogen is nore diffuse in air conpared to organics
and nore quickly enters the flammability range than organics.

5.2 Use of DuPont Test Results as the Basis for Hydrogen-Fuel ed
Fl are Specifications

In selecting the conditions under which the pilot flare
testing was to be conducted and interpreting the results of the
testing, a "conservative" decision was nade for each choi ce.

That is, the condition that would nost |ikely assure that a full-
scale flare would achi eve at |east as high and possibly higher
destruction efficiency was chosen. This approach was applied to
the selection of flare tip design, flare tip dianeter, pilot
burner heat i1nput, and characteristics of the surrogate for HAP
for destruction testing. It was also applied to the eval uation
of stability testing and destruction efficiency results, as well
as the selection of operating limts applying to hydrogen
concentration and tip discharge velocity.

The Selection of the Flare Type

A nonassisted, plain-tip flare was used in the testing
program because all of DuPont's flares are nonassisted. A
nonassi sted flare is a flare tip without any auxiliary provision
for enhancing the mxing of air into its flame. The plain-tip
means no tabs or other devices to redistribute flow were added to
the rimof the flare. Because the presence of tabs inproves the
stability of the flare by channeling the flare's flow and
i mproving mxing of fuel and air, it was concluded that the | ack
of tabs (i.e., plain tip) would result in the | east stable test
condi ti ons.

The Conparison of the Selected Flare with the Existing Flare
Specifications

A 3-inch flare was selected for the em ssion test since this
was the same size flare used for the testing to establish the
basis for the existing flare specifications in 40 CFR 60. 18 and

18



40 CFR 63.11. Stability tests were conducted using propane to
determne if the flare was operating properly and could neet the
existing flare specifications. Test results denonstrated that
this flare was stable when it was expected to be stable and not
stable when it was not expected to be (i.e., as indicated by the
existing flare specifications).
The Size of the Test Flare

Anot her reason for using the 3-inch flare for these tests is

because a 3-inch flare is small, relative to the size of flares
in industry (as a point of reference, the DuPont flares are 16 to
48 inches in dianmeter). Research indicates that snaller flares
are less stable than |l arger flares (Docket No. A-97-48, Item No.
I1-1-1, Sec 4, page 6). Specifically, the physical paraneter
known as the velocity gradient can be used to predict when a
flame will blow out by plotting the velocity gradi ent versus the
vol une- percent hydrogen. The | arger the boundary velocity
gradient, the nore unstable the flame. Further, the velocity
gradient is inversely proportional to the dianeter of the pipe.
Therefore, at a given velocity, the larger the pipe, the smaller
t he boundary velocity, and the nore stable the flanme. The EPA
concludes that if a stable flanme can be maintained with a smaller
flare pipe, then a |larger flare would be expected to be stable at
| ower hydrogen concentrations and higher velocities. Therefore,
the EPA believes that 3-inch or larger flares that neet these
specifications will have destruction efficiencies as high or

hi gher than those obtained fromthe 3-inch pipe flares.

The Selection of the Size of the Pilot Burner

The amount of heat input fromthe pilots on DuPont's full-
scal e hydrogen-fueled flares are in the range from0.05 to 0.6
percent of the total heat input to the flares. A venturi burner
turned down to approximately one third of its 9,000 Btu/hr
capacity was used for the tests described in this docunent, and
the heat input was equal to 0.3 to 0.6 percent of the pilot
flare's total heat input during the stability and destruction
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efficiency tests. Therefore, the heat input fromthe pil ot
during the tests was conparable to the heat input for the full-
scale flares operated by DuPont.

The relatively small proportion of heat input fromthe
venturi burner conpared to the total heat input to the test flare
woul d not be expected to have a significant effect on either the
stability or destruction efficiency results, because this anount
of heat is insignificant conpared to the flare's total heat
content. Also, the use of a pilot burner is consistent with
EPA's flare specification which requires that the pilot flame be
present at all tines.

The Selection of Ethylene as the Surrogate for HAP to be Used in

the Testing

For this study, a surrogate for HAP that was nore difficult
to destroy than the volatile HAP present in the large scale flare
wast e streans, and which could be measured at a concentration of
10 parts per billion by volunme and hi gher was selected. In
general, the difficulty of destruction for organics increases as
t he nol ecul ar wei ght decreases, but the limt of detection
decreases as the nol ecul ar wei ght decreases.

In order to conpare the relative difficulty to destroy
various species, a linear multiple regression nodel was used that
cal cul ates a destruction tenperature using paraneters describing
t he nol ecul ar structure, autoignition tenperature, and residence
time as inputs to the nodel. The destruction tenperatures
obtai ned are theoretical tenperatures for plug flow reactors to
achi eve specified destruction allow ng a conparison to be nade
anong various chem cal species to estimate relative
destructibility (Docket No. A-97-48, ItemMNo. Il-1-14). As a
first step, the destruction tenperatures were calcul ated for al
the chem cal species that were identified in DuPont's full-scale
flare waste streans. The next step was to cal cul ate destruction
tenperatures for the surrogates for HAP under consideration
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(The results fromthis analysis are presented in Tables 4-3 and
Tabl e 4-4 of Docket ltemll-1-14).

In conparing the nodel's destruction tenperature estimates
for candi date surrogates for HAP present in DuPont's flare
streans, the best choice as a surrogate was net hane, but the
detection [imt for nethane was too high to be accepted for the
field study. The next choice was nethanol, but not only is the
detection limt high for nethanol, it is a HAP and is a liquid at
anbi ent tenperatures, presenting handling difficulties. The next
candi dat e consi dered was et hyl ene which was sel ected for the
study. Ethylene has an equival ent or higher destruction
tenperature than all the organic HAP in the study, except
met hanol , and has an acceptable limt of detection. Therefore,

t he substance that was the nost difficult to destroy but feasible
to use was chosen for the study.
The Criteria for a Stable Flane

The hydrogen content reported when |ift off was first
observed was selected as the criterion for a stable flane,
because it was easy and precise to identify. The EPA concl uded
that this was a conservative estimate for the stability [imt
because destruction efficiencies greater than 98 percent were
not ed even for hydrogen contents below the lift off |evel.

The EPA al so concluded that |lift off was a conservative
criterion for a stable flanme, based on a correlation between the
stability ratio and the destruction efficiency observed in
earlier flare testing conducted in the 1980's (Docket No. A-97-
48, ItemNo. II1-1-5). At that time the destruction efficiencies
were denonstrated to be directly proportional to the ratio of the
flare gas heating value to the m ni num heating value for flanme
stability (i.e., stability ratio). Regardless of the substance
bei ng conbusted, or the flare design, it was observed that the
destruction efficiency plateaued to greater than 98 percent
destruction when the stability ratio was above approximately 1.2.
For this test program the destruction efficiency versus the
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rati o of actual hydrogen to hydrogen at |ift off (anal ogous with
the stability ratio, and referred to as the hydrogen rati o) was
plotted for this test program The curve of the data was sim|lar
to those obtained fromthe flare test prograns in the 1980's.
Three data points denonstrated that at stability ratios bel ow
1.0, with the lowest stability ratio of 0.955, destruction
efficiencies greater than 98 percent were achieved. Since these
hydrogen-fuel ed flare specifications require a stability ratio of
1.0 or greater, it is assunmed that a 98 percent or greater
destruction efficiency will be achieved.

The Operating Paraneters Used for Testing the Destruction

Efficiency (i.e.., Hydrogen Content and Flare Tip Velocity)

The destruction efficiency of ethylene for the hydrogen-
fueled flares was tested at high tip velocities (i.e.,
approximately 100 to 120 ft/sec) because this is the velocity
range expected to produce | ower destruction efficiencies.
Therefore, if acceptable destruction efficiencies are observed at
high tip velocities, then at | east as high or even higher
destruction efficiencies are expected at lower tip velocities.

The expectation to observe decreased destruction efficiency
at high tip velocities is explained by two phenonena. The first
phenonenon is due to the increased fuel flow The increased
vol une of fuel flow entrains nore air, and nore eddies are forned
at the boundary between the fuel and the air. These eddies tend
to strip off sonme of the gases' flow, even before the flanme is
abl e to conbust the substances, so unconbusted or inconpletely
conbust ed substances may be lost to the anbient air.

Anot her phenonenon expl ai ni ng the expectation of decreased
destruction efficiency at increased tip velocities results from
conparisons of stability ratios at different tip velocities. For
this test programthe ratio of the hydrogen content at lift off
to the hydrogen content at blow out with a pilot was used as an
anal ogous ratio to the previously nentioned stability ratio.
Further, the value of hydrogen at bl ow out was used as the
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m ni mum hydrogen content, since at essentially this |evel of
hydrogen, the destruction efficiencies were above 98 percent for
tip velocities of 100 and 120 ft/sec. The DuPont test programs
data revealed a trend where the hydrogen ratios were | ower at

hi gher velocities conpared to lower tip velocities, 1.15 to 1.17
versus 1.3, respectively. Since the test prograns in the 1980's
denonstrated that the destruction efficiency is directly
proportional to the stability ratio, then it could be expected
that the same or higher destruction efficiencies would be
experienced at lower tip velocities where the hydrogen ratios are
| ar ger.

5.3 Selection of the Specifications for Hydrogen-Fuel ed Fl ares

The reconmended specification for hydrogen-fueled flares is
the maximumtip velocity for a given hydrogen content (determ ned
according to the equation of the line fitting the data fromthe
stability testing at |lift off conditions as seen in Figure 1).
The equation in the recomrended specifications cones directly
fromthe test report. This equation is Equation 2, with the units
changed to netric.

There are safety requirenents that nust be carefully
considered for all flare installations, and this is the case for
the use of these hydrogen-fueled flare specifications. As an
exanple, if the discharge velocity is too | ow under certain
conditions, the flanme could propagate back into the process with
potentially catastrophic results. These recomended
specifications only specify a maxi num di scharge velocity for the
pur pose of assuring efficient destruction of pollutants in waste
streans and do not address any aspect of safe operation. The
user of any EPA flare specifications should carefully consider
all features of this application, not just the [imtation on
maxi mum di scharge velocity, and inplement all necessary neasures
to assure a safe operation. Safe operating conditions are always
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the responsibility of the owner/operator at each facility to
assure that all applicable safety requirenents are adhered to
whet her they are conpany, consensus and/or governnment al
requirenents.

The EPA did not think that extrapolating the data outside
the range of values tested to be prudent; therefore, the
hydr ogen-fuel ed flare specifications have been restricted to the
confines of the conditions used for the test program The
followng restrictions are included in the hydrogen-fueled flare
speci fications:
Nonassi sted Fl ares

The reconmmended hydrogen-fueled flare specifications are
applicable to nonassisted flares, because it was the only type of
flare tested.

Cont i nuous Fl ane

The existing flare specifications require the presence of a
continuous flanme where reliable ignition is obtained by
continuous pilot burners designed for stability. To ensure that
the pilot is continuously lit, a flame detection device is
requi red. These recommended hydrogen-fueled flare specifications
i ncorporate the sane requirenents for the sane reason, to ensure
flame stability.

M ni rum Fl are Di anet er

The testing was conducted on 3-inch flares, therefore this
is the mninmumflare dianmeter for the recommended hydrogen-fuel ed
flare specifications.

M ni nrum Hydr ogen Cont ent

The m ni num hydrogen content in the gas streans tested was
rounded to the nearest whol e nunber, 8.0 volune percent, and set
as the defining m nimum hydrogen concentration cutoff for a
hydr ogen-fuel ed fl are.

Maxi mum Tip Vel ocity

The maximumtip velocity was set at 37.2 nisec (122 ft/s),
because that was the highest tip velocity tested.
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Fl ane Stabilizers

Fl ame stabilizers (often called flane holders) are all owed
because stability and destruction efficiency testing was
conducted without them so if these tabs stabilize the flane even
better m xing, and potentially greater destruction efficiencies
can be achi eved.

Mninmum Flare Tip Velocity

A mnimumflare tip velocity was not |isted since evidence
i ndi cates that performance will not be di mnished due to | ower
tip velocities (See the preceding di scussion concerning safety
responsibilities).

6.0 SUMVARY OF ENVI RONVENTAL, ENERGY, AND COST | MPACTS

The inpacts discussed in this section are only for six
DuPont flares that are required by current or pendi ng EPA
regul ations to neet the existing flare specifications. The EPA
does not have information, and cannot estimate inpacts for other
hydrogen-fueled flares in the United States. Therefore, the
followng estimates are limted to these six DuPont flares.

6.1 Primary Air |npacts

The recommended fl are specifications will reduce em ssions
by the sanme anount (i.e., 98 percent or greater) as em ssions
woul d be reduced by using flares neeting the existing flare
speci fications.

6.2 Oher Environnmental |npacts

The Agency estimates that the recommended hydrogen-fuel ed
flare specifications will reduce secondary em ssions of
pol lutants since the conbustion of supplenental organic fuel wll
no | onger be required; therefore, there will be no em ssions
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resulting fromthe conbustion of a supplenental fuel. It is
estimated that these recommended hydrogen-fueled flare
specifications will reduce annual em ssions fromthe six affected
DuPont flares by 147 megagrans (161 tons per year) of criteria
pollutants (i.e., 124 megagrans (136 tons per year) of carbon
nonoxi de, and 22.7 nmegagrans (25 tons per year) of nitrogen

oxi des) and 39, 900 negagrans (44,000 tons per year) of carbon

di oxi de.

In addition to these secondary em ssion reductions, there
may al so be State regul ations that require owners/operators to
follow the existing flare specifications, and by allow ng the
owner s/ operators to nmeet these recommended hydrogen-fueled flare
specifications, there nmay be further reductions in secondary air
em ssions. Therefore, these inpacts are a mniml estinate of
the potential secondary air em ssion reductions.

6.3 Energy I|npacts

These recommended hydrogen-fueled flare specifications are
expected to decrease the anount of energy used by DuPont's six
hydrogen-fueled flares since the flares will no | onger be
required to conbust secondary fuel. The expected energy savings
is estimated to be 7.75 X 108 cubic feet of natural gas annually
(7.75 X 10 Btu/yr)

6.4 Cost and Econom c | npacts

Cost savings will be realized due to the recomended
hydrogen-fuel ed flare specifications by not requiring the
conbustion of supplenmental fuel (to conply with the original heat
content requirenents), and by not requiring the subsequent
resizing of the existing flares that would result froma
requi renment to conbust suppl enental fuel in order to accommopdate
the additional flow of supplenental fuel. The cost of natural
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gas as supplenental fuel for the six affected flares is estimated
to be $2.8 mllion per year. The capital investnent to replace a
smaller flare tip with a larger one is estimated to be
approximately $667,000 per flare or $4 mllion for all six
flares. The total annual savings achi eved by all ow ng hydrogen-
fueled flares that fulfill the recomended specifications are the
sum of the annual fuel cost savings, and the annualization of the
capital savings (calculated to be $280,000 per year). Therefore,
total annual savings for the six affected DuPont flares are
estimated to be $3.08 nmillion per year. Since sources using

t hese hydrogen-fueled flare specifications wll experience

savi ngs, no adverse econom c inpacts wll result fromthe
recomended hydrogen-fuel ed flare specifications.

6.5 Summary of I|npacts

This section discussed the cost savings, em ssion reduction
of secondary pollutants, and energy savings fromonly the six
DuPont flares subject to current or pending regulations. The
recommended hydrogen-fueled flare specification have greater
potential to reduce em ssions and save noney and fuel from
hydrogen-fueled flares that the EPA is currently aware.

7.0 SUMVARY

The purpose of this report is to describe the events | eading
up to the devel opnent of alternative flare specifications for
hydrogen fueled flares, and to illustrate how test data supplied
by DuPont were used to devel op the recommended specifications.
The report opens with a description of the existing flare
specifications followed by a sunmary of the studies used to
establish the criteria for the hydrogen-fueled flare
specifications. The basic objectives of these sections were to
provi de the paraneters for the existing rules and to establish
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that the existing flare specifications are based on the theory
t hat HAP destruction can be equated with flanme stability.

This report provides the basis for the alternative flare
specifications which the EPA is recommendi ng based on a request
made by DuPont. To support their petition, DuPont provided
experinmental data as well as an account from a previous studies.
Additionally, this report provides a descriptive summary of the
data provided fromDuPont’s tests and an anal ysis of each
paranmeter utilized in the testing. The EPA believes that the
results of the DuPont hydrogen-fuel ed tests provide the
appropriate data to support the hydrogen-fueled flare
speci fications.

In closing, this report provides a sunmary of the
recomended hydrogen-fuel ed flare specifications and an
expl anation of the rationale used to establish these recommended
specifications. The EPA believes that flares neeting the
recomended hydrogen-fueled flare specifications being added w ||
achieve a destruction efficiency of at |east 98 percent, and wll
result in cost savings to those industries that flare waste gases
contai ning a hydrogen content of at |east 8.0 percent.
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